Hydrogen/deuterium exchange followed by trapping of the labeled species in the aprotic solvent DMSO has been used to elucidate structure in both the burst-phase molten globule-folding intermediate of apomyoglobin and in an equilibrium intermediate that models the kinetic intermediate. Precise estimates can be made of exchange times in an interrupted exchange-out experiment at pH 4 followed by analysis in DMSO solution, giving extensive sequence-specific information about the structure of the equilibrium intermediate. In addition, the use of DMSO as a solvent for NMR measurements after quench-flow pH-pulse labeling experiments gives a greatly increased data set for the elucidation of the kinetic folding pathway. Interestingly, differences are observed in some regions of apomyoglobin between the equilibrium and kinetic intermediates. These differences are quantitative rather than qualitative; that is, the overall patterns of labeling and secondary structure formation remain similar between the two species. However, local differences are observed, which probably reflect the difference in the solution conditions for the equilibrium experiment (pH 4) vs. the kinetic experiment (pH 6) and the change in the status of the stabilizing hydrogen bond between the side chains of His-24 and His-119.
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apomyoglobin ͉ NMR ͉ molten globule E lucidation of the detailed mechanism of protein folding remains one of the major challenges in structural biology. Information on the kinetic folding process can be obtained by various biophysical techniques, but the only method that simultaneously provides information on folding at individual sites throughout the protein is the well known quench-flow hydrogen exchange technique coupled with NMR spectroscopy (1, 2) . In this method, amides are labeled by hydrogen͞deuterium (H͞D) exchange at multiple time points during the folding process; exchange is then quenched, the refolding is allowed to go to completion, and the H͞D population at individual amides is determined from NMR spectra of the folded protein. A major shortcoming is that kinetic information on the folding process is limited to those residues for which amide proton exchange rate in the native folded form of the protein is slow. For various reasons, including rapid exchange rates in folding intermediates, the number of useful amide proton ''probes'' for quench-flow experiments may be even further reduced. Information on the extent and rate of folding is therefore unavailable for a substantial portion of the polypeptide chain. In practical terms, the exchange rates of amide protons to be used as probes in the standard quench-flow experiment must be slower than Ϸ10 Ϫ4 s Ϫ1 (3) . A few additional amides can sometimes be observed by the careful use of lowered pH and temperature. However, for most proteins studied by the quench-flow method, only 30-50% of the backbone amides in the molecule can reliably be used as probes in standard quench-flow folding experiments.
Here, we describe a previously unreported method employing the aprotic organic solvent DMSO for NMR measurements on the partially exchanged species that define progress along the folding pathway. This method, which involves measurement of the NMR spectrum of the unfolded protein rather than the refolded, native protein, provides information on a much larger number of amide proton probes, because the detection and quantitation of the extent of H͞D exchange of a given amide during the folding process does not depend on the presence of slow exchange in the native form of the protein. DMSO has been used extensively as a solvent for peptides and has advantages for NMR in that the signals of exchangeable protons, which are often attenuated or missing in spectra recorded in aqueous solvents, are readily observable in DMSO. Many proteins are also soluble in DMSO, but they are invariably unfolded. The favorable exchange properties of DMSO were recently used to map the core of ␤2-microglobulin amyloid fibrils (4, 5) .
Apomyoglobin (apoMb) is a paradigm for studies of protein folding. It undergoes a folding transition from low to intermediate pH with formation of an equilibrium intermediate state that has been extensively characterized by CD, NMR, and fluorescence spectroscopy (6) (7) (8) . Quench-flow amide proton H͞D exchange pulse labeling (detected by both NMR and mass spectrometry) and stopped-flow spectroscopy have been used to characterize the kinetic folding of apoMb from states unfolded in urea, guanidine, and acid (9-13). The kinetic experiments also reveal the presence of an intermediate state, the so-called ''burst phase intermediate,'' which is formed within the dead time of the flow apparatus and that subsequently folds into the native state on a slower time scale. The existence of multiple folding intermediates has been observed under some conditions in equilibrium (14) and kinetic (15, 16) experiments. The kinetic and equilibrium intermediates appear to share a number of characteristics, and it has long been thought that the two states are very similar (9) . We present in this work an examination of this hypothesis, by using the DMSO quench-flow technique to give kinetic information on a larger subset of the amino acid residues than was formerly possible.
Materials and Methods
Preparation of Proteins. Recombinant sperm whale apoMb was produced by overexpression in Escherichia coli BL21-DE3 cells. The 15 N-labeled and 15 N, 13 C-double-labeled protein were prepared by using M9 minimal medium containing 15 N-ammonium sulfate and 13 C-glucose and were purified by using methods described in ref. 17 . The purified apoMb was dialyzed against H 2 O before the experiments. The protein concentration of apoMb was calculated by using the extinction coefficient of apoMb (15, In this work, because we focus on the calculation of the proton occupancy (A 0 ) for the burst phase intermediate free from the effect of pH-pulse labeling, the experiment was conducted at the shortest refolding time (6.4 ms) with different time durations of pH-pulse labeling (12, 20, 35, 65 , and 95 ms) (13) . This pH-pulse-labeled solution was flushed from the quench-flow device into a trifluoroacetic acid solution (D 2 O) in a 50-ml tube (final pH* 2.5) and immediately frozen in liquid N 2 followed by lyophilization. The lyophilized protein powder was tightly sealed in 50-ml tubes with parafilm and kept in the Ϫ80°C freezer until the NMR measurements were made.
NMR Measurements. The NMR spectra for the partly exchanged samples after pH-pulse labeling and H͞D exchange were recorded at 30°C on a Bruker DRX600 spectrometer equipped with a cryoprobe. collected with spectral widths of 9,615 Hz and 2,048 points in the 1 H dimension and 1,538 Hz and 256 points in the 15 N dimension. For each sample, a series of NMR spectra was recorded every 20 min, giving a total of 15-20 spectra. The intensity of the peak at each position in the HSQC spectra was plotted as a function of time after addition of solvent to the lyophilized protein, and the plot was curve-fitted to an exponential decay. Extrapolation of this curve to zero time allowed calculation of the peak intensity without the small amount of H͞D exchange that occurred as a result of the presence of 0.4% D 2 O in the DMSO. The intensity of the cross peaks in data sets with different refolding and exchange times or pulse durations was calibrated with the signal volumes of the methyl proton signals observed in 1D proton spectra. The proton occupancy for each residue was calculated in the pH-pulse-labeling experiments; the signal intensity at each time point was normalized with respect to the intensity of the same signal at the 8-s time point, when apoMb is completely folded. The decrease in peak intensity during the H͞D exchange was curve-fitted, yielding the rate constant for the exchange; the protection factor was calculated by using intrinsic H͞D exchange rate constants (18) .
Backbone resonance assignments for unfolded apoMb in DMSO were made by using 3D HNCO (19), HNCA (19), HCA(CO)CANH (20) , HNCACB (21) , and CBCA(CO)NH (22) spectra collected at 30°C with a Bruker DRX800 spectrometer. A representative spectrum of the DMSO-unfolded protein is shown in Fig. 1 . The HNCO and HCA(CO)CANH are particularly useful for the assignment of unfolded proteins (23). 13 C, 15 N-double-labeled apoMb was dissolved in a similar amount of the buffer used in the pH-pulse-labeling experiment and lyophilized and redissolved to collect 3D NMR data under conditions as similar as possible to those of the pH-pulselabeling and HD exchange experiments, because small variations in the concentration of salts and buffer components {3-(Nmorpholino)propanesulfonic acid, 3-[cyclohexylamino]-1-propanesulfonic acid, etc.} were found to affect many of the chemical shifts under these conditions. In the 3D experiments, the 1 H and 15 N carrier was placed at 4.725 and 118 ppm, respectively. For HNCO and HCA(CO)CANH, the 13 64-75, and 43 points were acquired in the 1 H, 13 C, and 15 N dimensions, respectively. The NMR data were collected in the indirect dimension with the States-time-proportional phase incrementation (TPPI) method (24) and were processed and analyzed by using NMRPIPE (25) and NMRVIEW (26) , respectively.
Results
The H͞D exchange reaction is slowed in the presence of DMSO (27) , which has no exchangeable protons. However, it is difficult to completely remove H 2 O from lyophilized protein samples, and thus additional artificial cross-exchange of amides can occur during the steps leading to the NMR measurements. Both rapid handling before data collection and maintaining the samples at low temperature and low pH (Ϸ3) are important to prevent cross-exchange after pH-pulse labeling. Even with these precautions, amounts of H 2 O that were vanishingly small, but variable, remained in the lyophilized protein samples. We therefore used a solution composed of 99.6% d 6 -DMSO plus 0.4% D 2 O as a NMR solvent for the lyophilized protein. Under these conditions, most of the amide cross peaks showed a slow exponential decay of the peak intensity during data acquisition, due to exchange with the D 2 O added in the DMSO. For each sample, NMR data collection was started exactly 8 min after the addition of DMSO, and duplicate HSQC spectra were collected every 20 min. Extrapolation to zero time of the exponential curve fitted to the transition of signal intensity gives an estimate of the signal intensity in the absence of H͞D exchange.
Interrupted H͞D Exchange in Organic Solvent. H͞D exchange experiments in organic solvents have been used to obtain information on the core structure of aggregated arrays such as amyloid fibrils (4) but are not generally used for such studies on stable globular proteins in solution: a simple procedure using a single NMR sample where the solvent has been exchanged from H 2 O to D 2 O can easily be used to follow the exchange in such proteins. For less stable proteins, such as the equilibrium intermediate of apoMb at pH 4, and even apoMb itself at pH 6, most amides in the molecule exchange too fast to be observed by conventional H͞D-exchange methods. Information on such systems can be obtained by interrupted H͞D exchange, where separate samples are prepared for different time points in the exchange reaction. Such a study has been described for the apoMb intermediate (7); the protein was stabilized at each time point in the H͞D exchange series by converting it to fully folded myoglobin by increase of pH and the addition of heme. This method gave a significant amount of information on the stable secondary structure in the pH 4 state of apoMb, but many of the signals were lost through exchange in the fully folded state and during the manipulations. Here, we have applied a modified protocol employing organic solvents that can be used to obtain an enhanced picture of H͞D exchange in unstable proteins.
Samples were initially prepared by dilution of a stock solution in H 2 O into a D 2 O solution at a given pH* (4.0 or 6.0), thus initiating amide H͞D exchange (7) . After a certain time (the ''exchange-out period''), the exchange reaction was quenched, by using a combination of low temperature, low pH, and lyophilization, and the sample was stored at Ϫ80°C before dissolving in DMSO for NMR analysis. The results of the interrupted H͞D exchange in DMSO are shown with filled symbols in Folding was allowed to proceed for a certain interval between 6 ms and 8 s, and the protein was pulse-labeled by mixing with a third solution at high pH in D 2 O. Amides that are not protected during the folding time were rapidly exchanged, leaving only the protected amides protonated and therefore visible in the NMR spectrum. In the original quench-flow experiments (1, 2) and subsequent refinements, the final step involves quenching of the exchange, followed by refolding of the protein and subsequent analysis of the refolded native protein by NMR or mass spectrometry (28) . By contrast, in our method, the protein was not allowed to fold completely after the pulselabeling step; instead the partly folded protein was rapidly frozen and lyophilized, then dissolved in DMSO for analysis of the NMR spectrum.
For apoMb, the quench-flow experiment in D 2 O is commonly performed with urea as denaturant (9) (10) (11) (12) 29) . However, the protein also may be unfolded at low pH, and the quench-flow results are very similar (12) . Typical 1 H, 15 N HSQC spectra obtained from a quench-flow experiment in D 2 O are shown in Fig. 3 , for the shortest refolding time (6.4 ms) (Fig. 3a) and a long refolding time (Fig. 3b) . The cross peaks form part of the HSQC spectrum of fully folded holomyoglobin under native conditions at pH* 5.6 and 35°C in D 2 O. Only a subset of the cross peaks is visible, representing amides that were both protected during the quench-flow experiment and persistent in the native form of the protein. A significant amount of information on the folding process was therefore lost because of exchange processes that occurred after folding was complete. Our method is, so far, able to be applied only for pH-jump experiments, because it is difficult to dissolve the lyophilized protein in DMSO in the presence of residual urea after ureajump experiments. The results of a quench-flow experiment, identical in every way to those shown in Fig. 3 a and b but with the protein dissolved in DMSO without refolding, are shown in Fig. 3 c and d . These spectra correspond to the unfolded apoprotein rather than the folded holoprotein of Fig. 3 a and b . Qualitatively, the results are the same for the corresponding plots, Fig. 3 a and c and Fig. 3 b and d; that is, there are fewer amides protected at 6.4 ms than at 3 s. However, it is noticeable that there are significantly more cross peaks for the DMSO experiment in Fig. 3 c and d . Performing the quench-flow experiment in this way avoids the problems of amide proton exchange-out from the folded holoprotein that are encountered with the classical method.
A direct comparison of the DMSO data with those obtained previously for apoMb in D 2 O-based quench-flow urea-jump experiments is shown in Fig. 4 . In the previous experiments, data were obtained only for residues in the middle of the A, B, E, G, and H helices and for a few residues in the C helix and CD loop (9, (11) (12) (13) . Additional data points are now available for the ends of all of the helices, as well as for the complete C and D helices and CD loop. Kinetic data for the F helix remain unreliable; the F helix is not folded even at the native state of apoMb (30) , and, because the signal intensity at the longest refolding time is used as a standard to calculate the proton occupancy, we are not able to determine rates of folding for this helix. Over many repetitions of the quench-flow experiment (9, (11) (12) (13) , the folding kinetics for wild-type apoMb remained consistent: the A, G, and H helices, together with a part of the B helix, folded rapidly, within the dead time of the quench-flow apparatus, whereas probes in the remainder of the molecule showed a slower, observable folding rate. The DMSO data (red dots in Fig. 4) closely resemble the previously determined data (green dots). Where information is available for a given residue from both experiments, the results are remarkably consistent. The information from the DMSO experiment shows that, as expected, neither the C and D helices nor the amides at the ends of helices are observed to be protected in the initial burst phase of folding, but instead fold on a slower time scale similar to that of the rest of the protein.
Comparison of the Equilibrium and Kinetic Intermediates. The interrupted H͞D-exchange data shown in Fig. 2 for the pH 4 state of apoMb (red dots) provide a site-specific measurement of the amide proton protection factor in the equilibrium intermediate formed at pH 4 in low salt. These sites can be divided according to the protection factor, with the most protected amides having protection factors of Ͼ10, medium protection having factors between 7 and 10, and low protection with factors of Ͻ7. These divisions are illustrated on a structure of the fully folded myoglobin protein in Fig. 5a . Similarly, the calculated proton occupancy at the shortest folding time (6.4 ms) can be used to classify the kinetic data of Fig. 4 . Previously, these classifications were defined as fast (F), biphasic (FϩS), and slow (S) (13) . The F amides belong to residues that are protected within the dead time of the quench-flow apparatus and show a proton occupancy of Ϸ1.0 throughout the time course of folding. The S amides are protected on a slower time scale, giving rise to an S-shaped curve from a proton occupancy value of Ϸ0.2 at short refolding times to a final value of 1.0 at long refolding times. The FϩS amides show evidence of heterogeneity in their behavior: in some apoMb molecules in the conformational ensemble these amides are protected early, whereas in other molecules they are protected later. The points in Fig. 4 have been divided into the following three categories: F amides with A 0 Ͼ 0.7, S amides with A 0 Ͻ 0.4, and FϩS amides with 0.4 Ͻ A 0 Ͻ 0.7, and their locations are plotted onto a structure of the folded myoglobin in Fig. 5b . First, it is clear that the overall distribution of well protected amides (red spheres) is the same in the equilibrium and kinetic intermediates, but the degree of protection differs in some regions between the equilibrium and kinetic intermediates. This difference is greatest in the G helix, where the highly protected region is considerably shorter in the equilibrium intermediate (Fig. 5a ) than in the kinetic intermediate (Fig. 5b) . Similarly, the kinetic intermediate shows high protection in a number of residues in the B helix, whereas in the equilibrium intermediate only two residues, L29 and I30, are highly protected. Residues in the E helix that are in the FϩS category in the kinetic intermediate (Fig. 4) appear to be uniformly lowered in protection in the equilibrium intermediate: the entire length of this helix is in the low-protection category (Fig. 2) . By contrast, it appears that a small area of the D helix has been stabilized in the equilibrium intermediate; this finding is consistent with the observation of a propensity for nonnative helical structure in the D helix in apoMb unfolded at pH 2 (31) .
Overall, the equilibrium intermediate appears to be less stable than the kinetic intermediate, particularly in the B, E, and G helices. We ascribe this difference primarily to the difference in the solution conditions of the two measurements. The kinetic folding intermediate is examined at a final pH of 6, whereas the measurements on the equilibrium intermediate are conducted at pH 4. This difference in pH probably accounts for the fraying of the structure at the ends of the helices and for the lowered stability of the B, E, and G helices. Fraying at the N terminus of the G helix and the C terminus of the H helix is observed even in the native apoprotein at pH 6, presumably related to the conformational exchange of the F helix in the absence of the heme prosthetic group (30, 32) . However, we also observed destabilization in the pH 4 equilibrium intermediate of both the C terminus of the G helix (H113-H116, with no probes from S117 onward) and the N-terminal part of the B helix (A22-Q26). This area is precisely the region of the protein where a H-bond (between the imidazole side chain of H24 and the protonated imidazole side chain of H119) has been proposed as the triggering event for the folding of apoMb (33, 34) . This hypothesis is quite consistent with our results for the pH 4 equilibrium intermediate. In the native state at pH 6, the H24-H119 H-bond stabilizes the two helical regions, A22-Q26 in the B-helix and H113-H116 in the G-helix. At pH 4, the H-bond is broken, due to protonation of H24; this result is reflected in the specific destabilization that we observe in the equilibrium intermediate (at pH 4) but not in the kinetic intermediate (at pH 6).
Conclusions
For apoMb, the use of the polar aprotic solvent DMSO gives an enhanced picture of the folding of the protein, especially in areas that have been invisible up to now as a result of rapid amide proton exchange rates in the fully folded holoprotein. Our picture of the folding pathway of wild-type sperm whale apoMb remains the same as that inferred from previous, more limited data sets. However, taking advantage of the greatly increased density of information now available using the DMSO technique, we have been able to make a detailed comparison of the equilibrium and kinetic intermediates for apoMb. The overall patterns of labeling and secondary structure formation remain similar between these two species, but local differences are observed, probably due to the difference in the pH. This method ought to be useful for studies of site-directed mutants, where the effects of the mutation may not be observable in areas that contain amide proton probes in the D 2 O-based experiment. We also anticipate wide application for comprehensive H͞D exchange and folding kinetic studies on proteins that are intrinsically unstable and do not have many amide proton probes that can be used for classical quench-flow studies.
